Prenatal nicotine exposure (PNE) is linked to numerous psychiatric disorders including attention deficit hyperactivity disorder (ADHD). Current literature suggests that core deficits observed in ADHD reflect abnormal inhibitory control governed by the prefrontal cortex. Yet, it is unclear how neural activity in the medial prefrontal cortex (mPFC) is modulated during tasks that assess response inhibition or if these neural correlates, along with behavior, are affected by PNE. To address this issue, we recorded from single mPFC neurons in control and PNE rats as they performed a stop-signal task. We found that PNE rats were faster for all trial-types, made more premature responses, and were less likely to inhibit behavior on 'STOP' trials during which rats had to inhibit an already initiated response. Activity in mPFC was modulated by response direction and was positively correlated with accuracy and movement time in control but not PNE rats. Although the number of single neurons correlated with response direction was significantly reduced by PNE, neural activity observed on general STOP trials was largely unaffected. However, dramatic behavioral deficits on STOP trials immediately following non-conflicting (GO) trials in the PNE group appear to be mediated by the loss of conflict monitoring signals in mPFC. We conclude that prenatal nicotine exposure makes rats impulsive and disrupts firing of mPFC neurons that carry signals related to response direction and conflict monitoring.
INTRODUCTION
Prenatal nicotine exposure (PNE) has been shown to increase the incidence of psychiatric disorders in offspring, including but not limited to, attention deficit hyperactivity disorder (ADHD), conduct disorder, and addiction (Cornelius and Day, 2009; Ernst et al, 2001; Milberger et al, 1996 Milberger et al, , 1998 Fried and Watkinson, 2001; Wickstrom, 2007) , all of which are characterized by diminished executive control (Mick et al, 2002; Milberger et al, 1996 Milberger et al, , 1998 Morgan and Lilienfeld, 2000) . In rodents, the behavioral disturbances described after PNE, and the benefits observed after methylphenidate treatment, have pinpointed PNE as a valuable animal model to investigate mechanisms that underlie poor impulse control as defined by the inability to inhibit prepotent movement (Schneider et al, 2011; Zhu et al, 2012) .
Although it is clear that PNE disrupts many brain systems involved in executive control, it is unknown how or what neural correlates related to the control of behavior are disrupted. We know that dopaminergic and noradrenergic functions are affected by PNE (Navarro et al, 1990; Seidler et al, 1992; Slotkin, 1998) , and that PNE alters morphology, volume, and dopamine turnover in medial prefrontal cortex (mPFC) (Muhammad et al, 2012; Muneoka et al, 1997; Mychasiuk et al, 2013; Schneider et al, 2011; Zhu et al, 2012 ), but we still do not understand how neural signals related to executive control mechanisms are affected. Although neighboring structures have been explored (Emeric et al, 2008; Hanes et al, 1998; Schall and Boucher, 2007) , it is still unclear how firing in mPFC is normally modulated during tasks that probe response inhibition. This is surprising considering the number of studies that have implicated mPFC in inhibitory control. For instance, perturbation of the rat prelimbic prefrontal cortex reveals stop-signal reaction time deficits (Bari et al, 2011) and increased premature responses during performance of reaction time tasks (Pezze et al, 2014; Risterucci et al, 2003) . However, similar approaches have yielded conflicting results (Christakou et al, 2001; Eagle et al, 2008; Eagle and Robbins, 2003) . Elucidating the relationship between mPFC activity and response selection during the need for elevated executive control would help us to better understand dysfunctions observed in psychiatric disorders that impair inhibitory restraint.
To address this issue we recorded single mPFC cells from control and PNE rats in our rodent variant of the stop-signal task (Bryden et al, 2012) . It has been shown that mPFC is both affected by PNE and is critical for normal performance on stop-signal paradigms (Bari et al, 2011; Schneider et al, 2011; Zhu et al, 2012) . Here, we show that PNE makes rats more impulsive and attenuates neural selectivity related to the direction of the response and monitoring of conflict in mPFC.
MATERIALS AND METHODS

Subjects
Ten male and 10 female Long Evans rats were obtained at 175-200 g from Charles River Labs. Rats used for recording were bred in our animal facility as described below. Due to unexpected loss, eight additional male control rats were obtained from Charles River Labs and were combined into a single control group due to homogeneity in behavior and neurophysiology. All experiments were approved by the University of Maryland College Park under university and NIH guidelines.
Prenatal Nicotine Exposure
Procedures were similar to those described by Schneider et al (2010) . In a subset (n = 5) of nulliparous female rats, nicotine was added to their only source of drinking water while the control mothers (n = 5) were provided with unadulterated drinking water. Nicotine bitartrate (Sigma, St Louis, MO) was dissolved in water. To acclimate the nicotine-exposed dams to the taste of nicotine, the dosage was increased weekly over the course of 3 weeks (0.02 mg/ml, 0.04 mg/ml, and 0.06 mg/ml). The range of nicotine between 1 and 6 mg/ kg/day has been shown to produce plasma nicotine levels in the range of 10-50 ng/ml in habitual smokers (Benowitz and Jacob, 1987) . In addition, experiments that have administered nicotine via drinking water at doses comparable to ours have found plasma nicotine levels between 21 and 60 ng/ml (Paz et al, 2007; Schneider et al, 2010) . Our mothers consumed an average of 5.93 mg/kg/day of nicotine during pregnancy, which is within the range shown to produce behavioral deficits in offspring without causing physical impairments (Paz et al, 2007; Schneider et al, 2010) . Nicotine-exposed mothers in the present experiment consumed significantly less water than controls during pregnancy (98.89 ml/kg/day; 131 ml/kg/day; t-test; Po0.01) and gained weight at a slower rate prior to pregnancy (0.21% gain per day; 0.68% gain per day; t-test; Po0.01), characteristics that have been observed before by Schneider et al (2010) . Pregnancy duration and fluid consumption comparisons are detailed in Supplementary Table 1. All pups were cross-fostered to control mothers to isolate the effects of nicotine exposure prenatally and minimize unique rearing practices by nicotine-exposed mothers. Pups were not exposed to nicotine in any manner after birth. Cross-fostering was performed on postnatal day 3 to ensure that any handling of pups by experimenters did not cause maternal rejection (Zhu et al, 2012) . Pups from the same litter were cross-fostered to the same control dam. As a result, all cross-fostering was successful and we obtained 39 PNE pups (mean litter size = 13.0; sex ratio = 56.6) and 45 control pups (mean litter size = 12.3; sex ratio = 49.0) from 3 nicotine-exposed mothers and 4 control mothers. The pups were weaned on postnatal day 21. We used male pups in all recording experiments because PNE has been shown to have more dramatic behavioral effects on males than females and ADHD-like diagnoses are more prevalent in males (Pauly et al, 2004; Peters and Tang, 1982; Romero and Chen, 2004; Vaglenova et al, 2004) . Control and PNE pup weights were not significantly different from each other during first day of training (postnatal day 49; PNE = 271 g; control = 259 g; t-test; P = 0.56). Eight male pups per group were randomly selected from three control (dam C1, n = 3; dam C3, n = 2; dam C5, n = 3) and three nicotine-exposed mothers (dam N3, n = 3; dam N4, n = 3; dam N5, n = 2) to undergo training and electrode surgery (see below).
Behavioral Task
Each trial began by illumination of house lights that instructed the rat to nose-poke into the central port ( Figure 1a ) (Bryden et al, 2012) . Nose-poking initiated a 1000 ms pre-cue delay period. At the end of this delay, a directional light to the animal's left or right flashed for 100 ms. The trial was aborted if the rat exited the port at any time prior to offset of the directional cue light. On 80% of trials, presentation of either the left or right light signaled the direction in which the animal could respond to obtain reward in the corresponding fluid well below. On 20% of trials, the trial began in the same manner but, simultaneous with the rat exiting the nose-port, the light opposite to the location of the originally cued direction turned on and remained illuminated until the behavioral response was made. The trial was aborted if the rat took longer than 3 s to respond to the reward well after unpoke regardless of trialtype. On a fraction of sessions (28%), a variable 0 to 100-ms delay between unpoke and stop-cue onset (stop-signal delay) was implemented to further induce prepotency toward the GO cue. STOP trials were pseudorandomly interleaved with GO trials. Rats were required to inhibit the movement signaled by the first light and respond in the direction of the second light. After correct responses, rats were required to remain in the well 800-1000 ms before reward delivery (10% sucrose solution). The time necessary to stop and redirect behavior (stop change reaction time) on STOP trials was computed by calculating the difference between average correct STOP trial movement time and average correct GO trial movement time. The inter-trial intervals were 3 s and 4 s for correct and incorrect trials, respectively.
Surgery and Single-unit Recording
Procedures were the same as described previously (Bryden et al, 2011) . A drivable bundle of 10 25 μm diameter FeNiCr wires (California Fine Wire) was chronically implanted in mPFC after training (+3.3 mm anterior to bregma, +0.6 mm lateral to bregma, 2 mm ventral to brain). Electrodes were driven 40 or 80 μm daily.
Data Analysis
Average movement times (calculated as the time from port exit to well entry), percent correct, and proportion of premature responses were calculated in each session then averaged across sessions. Differences between groups and/or trial types were compared via Wilcoxon (Po0.05). Significance levels were adjusted via Bonferroni correction.
Baseline firing was taken during a 1 s epoch starting 2 s prior to trial initiation (nose-poke). Task related activity was examined during the period between nose-poke exit and well entry ('response epoch'), while the movement was being made and/or cancelled. Cells were excluded if both average baseline and response epoch firing rates deviated 45SD from the mean. To capture post-response activity, the 1 s epoch beginning at nose-poke exit was used in an analysis that examined firing on STOP and GO trials after either STOP or GO trials. This epoch was used to examine trial sequence effects. Abbreviations for trials that are differentiated by the trial-type preceding it are labeled as lowercase (GO (g) or STOP (s)) which indicates the trial-type before the trial marked by the uppercase letter (GO (G) or STOP (S)).
Least-squares multiple regression analysis was used to determine the number of cells where firing rate was significantly correlated with either the trial-type, movement time, and/or response direction parameters when variance for the two remaining factors was accounted for (Bryden, Roesch, 2015) .
where Y = log-transformed firing rate (spikes/s) during the response epoch, MovementTime = latency between unpoke and well entry, Direction = coded as: − 1 = ipsilateral and 1 = contralateral, and Trial-Type = coded as: − 1 = GO and 1 = STOP. A constant of 1 was added to each value of Y where the transform of zero equals zero.
Correlations between firing rate and behavioral measures (percent correct and movement time) were calculated using Pearson's r after averaging values within each session. Correlation coefficients were determined to be statistically different via Student's t-test after Fisher's z-transformation for correlation coefficients.
RESULTS
Prenatal Nicotine Exposure Impairs Inhibitory Control
Rats were trained on the stop-signal task described in the Materials and Methods and Figure 1 . Briefly, in the majority of trials (80%), rats were instructed to respond (GO) to a directional cue-light for reward. On the remaining 20% of trials, rats had to inhibit their initiated response and redirect movement in the opposite direction to achieve reward (STOP trials).~3 
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Rats in both control and PNE groups exhibited significantly slower movement speeds (latency from port exit to well entry; Figure 2a ) and reduced accuracy on STOP trials ( Figure 2b ). Slower movement times resulted in better task performance consistent with a speed-accuracy tradeoff in both groups (correlation between movement time and percent correct; control; r = 0.14; Po0.01; PNE; r = 0.10; Po0.05). Consistent with this finding, incorrect STOP trial movement times were significantly faster than movement times on correctly performed STOP trials (Figure 2a ; Wilcoxon; Po0.01). These results demonstrate that rats were generating a movement prior to illumination of the STOP signal, in response to illumination of the first cue light, and that inhibition and redirection of the behavioral response was necessary to correctly perform STOP trials.
When comparing control and PNE groups, we found that PNE rats were significantly faster over all trial-types ( Figure 2a ; black vs gray; Wilcoxon; Po0.05). Although the two groups did not differ significantly in accurate performance of GO trials, PNE rats made significantly more errors on STOP trials than controls ( Figure 2b black vs gray; Wilcoxon; Po0.05). In addition, PNE rats exhibited a greater proportion of premature responses (defined as leaving the nose-port before offset of the first cue light; Figure 2c ; Wilcoxon; Po0.01). Note, these differences were significant when comparing the PNE group with the combined control group and with individual control groups (Wilcoxon; pso0.01). We conclude that prenatal nicotine exposure limits the capacity for successful inhibitory control during performance of our task. (f and g) Average activity (spikes/s) across GO trials, STOP trials, and STOP errors ± SEM aligned on port exit for every increasing-(f) and decreasing-type (g) cell. As a temporally sensitive statistical comparison, the P-value for the t-test (black line) between control and PNE firing rates was taken from 100 ms epochs that slid every 10 ms and plotted in the graph below. The gray horizontal line refers to the P-value 0.05. PNE, prenatal nicotine exposure.
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Impact of Prenatal Nicotine Exposure on Activity in mPFC
We recorded 636 and 558 mPFC neurons from control and PNE rats, respectively. The recording locations are illustrated in Figure 1c and d. Use of this task in the context of behavioral neurophysiology allows us to examine activity related to response inhibition and redirection of behavior. Trials during which the movement had to be stopped and redirected will be directly compared with responses on GO trials made in the same direction, which cannot be done with more typical stop-signal tasks. We first determined how many neurons in each group exhibited activity that was significantly different during the response epoch (port exit to well entry) relative to baseline (1 s epoch beginning 2 s prior to trial initiation; Wilcoxon; Po0.05). In the control group, 19% (n = 121) and 39% (n = 249) of neurons significantly increased or decreased firing during the response epoch relative to baseline, respectively. In the PNE group, 22% (n = 125) and 41% (n = 228) of neurons exhibited significant increases or decreases during the response epoch, respectively. The proportion of increasingand decreasing-type cells did not differ between groups (Figure 2d ; increasing type: χ 2 , P = 0.17; decreasing type: χ 2 , P = 0.59). To provide evidence for homogeneity between rats within a group, we plotted the percentage of increasing-and decreasing-type neurons per rat. The control group did not differ from the PNE group (Figure 2e ; increasing-type: Wilcoxon, P = 0.43; decreasing-type: Wilcoxon, P = 0.49). Even though the proportions of task-related neurons did not differ between groups, average activity in the PNE group was reduced in numerous task epochs across the population of both increasing-and decreasing-type neurons. This is illustrated by the mean firing rates (± SEM ribbons with sliding comparisons) in Figure 2f and g, which plots average firing (spikes/s) over time (aligned on port exit and averaged across trial-types).
Both increasing-and decreasing-type cells tended to be modulated by the direction of the response and/or type of trial. For example, the single neuron in Figure 3a exhibited increased firing during STOP trials relative to GO trials. Other neurons increased firing for responses made in a specific direction (Figure 3b) , while other cells were modulated by both response direction and trial-type (Figure 3c ). Average firing across all neurons is plotted in Supplementary Figures S1 and S2 and is described in the Supplementary Material.
To determine if the counts of neurons exhibiting taskrelated effects were different between the two groups, we performed the least-squares multiple regression approach (see Materials and Methods) for all task-modulated neurons (ie, increasing-and decreasing-type neurons). This analysis determines the number of cells where firing rate was significantly correlated with either the trial-type (STOP/GO), movement time, and/or response direction parameters. The counts of neurons in control rats that were significantly modulated by response direction outnumbered those observed Impact of prenatal nicotine on mPFC DW Bryden et al in PNE rats ( Figure 3d ; χ 2 ; Po0.01). Counts of neurons modulated by movement time and trial-type were not significantly different between groups (χ 2 , ps40.62). Though these results are presented as discrete categories, it was common that a neuron was significantly modulated by more than one parameter. For breakdowns of selective neurons within each category see Supplementary Figure 3 . This regression analysis demonstrates that the recruitment of mPFC neurons associated with the direction of the response was affected by prenatal nicotine exposure, but overall encoding of movement time and signaling directly related to inhibitory control (ie, differential firing based on trial-type; STOP vs GO) were not different between the two groups.
Activity in mPFC was Correlated with Behavioral Performance
The data described above demonstrate that both neural activity and performance were reduced in PNE rats. Here we ask if the two were correlated. Specifically, we determine via correlation whether average firing rates were correlated with behavioral measures of accuracy and movement time between sessions.
For increasing-type cells, firing during the response epoch was positively correlated with percent correct. The regression was significant for the control (Figure 4a ; r = 0.37; Po0.01) but not the PNE group (Figure 4b ; r = 0.17; P = 0.07). Further, these correlations were significantly different from one another (Figure 4a vs B; t-test; Po0.05). The correlation between movement time and firing rate was significant for increasingtype cells only in the PNE group (Figure 4d ; r = 0.25; Po0.01) but this correlation did not significantly differ from the control group (Figure 4c vs D; t-test; P = 0.42). However, for decreasing-type neurons, there was a positive correlation between movement time and firing rate, which was only significant in the control group (Figure 4g ; r = 0.29; Po0.01) and was significantly different from the PNE group ( Figure 4g vs Figure 4h ; t-test; Po0.01). Finally, the correlation between firing rate and percent correct in decreasing-type cells was not significant in the control group (Figure 4e ; r = 0.07, P = 0.24), but was significantly negatively correlated in the PNE group (Figure 4f ; r = −0.20; Po0.01). These correlations differed significantly ( Figure 4e vs Figure 4f ; t-test; Po0.01). Thus overall, when activity was high for increasing-and decreasingtype neurons, rats were better and slower, respectively. These correlations were not present in PNE rats. Furthermore, in sessions where decreasing-type neuronal activity was high, PNE rats tended to perform the task poorly. Importantly, the correlation results above are not simply a product of mPFC hypoactivation as these effects are maintained in a sub-selected population of firing-rate-matched neurons between groups (Supplementary Material).
Increased mPFC Activity During Heightened Response Conflict
The rationale behind using STOP trials on only 20% of trials is to induce a tendency for the animal to follow the initial cue light on every trial. Given the random interleaving of our trial-types and the fluidity with which rats perform the task, it is unsurprising that we observe behavioral effects contingent on the identity of the previous trial. Both groups Impact of prenatal nicotine on mPFC DW Bryden et al of animals were less accurate on STOP trials following GO trials (gS) compared with STOP trials following STOP trials (sS) (Figure 5e ; Wilcoxon; Po0.05), however, this effect was amplified in PNE rats (Figure 5e ; Wilcoxon; Po0.05). This effect is presumably due to the heightened prepotency to respond to the first cue light induced by the previous GO trial, which made it more difficult for the rats to suppress the initial response on STOP trials. This demonstrates that the 'competition' or 'conflict' between the two opposing responses (GO vs STOP) is highest on STOP trials when the previous trial was a GO trial, and it is during these trials that PNE rats performed the worst. Frontal areas are thought to be important for monitoring conflict under such situations (Botvinick et al, 2001; Carter and van Veen, 2007; Mayr et al, 2003 ; Oualian and Gisquet-Verrier, 2010), therefore we next asked whether mPFC was modulated by the added conflict induced by the identity of the previous trial, and if this encoding might be disrupted by PNE. Figure 5a and b plots average activity on STOP trials when the previous trial was either a GO trial-type (gS, red) or a STOP trial-type (sS, orange) for the control (Figure 5a ) and PNE (Figure 5b ) groups. For reference, GO (low conflict) trials during these sessions are plotted in blue. Remarkably, when conflict was the highest (gS trials; red), activity in mPFC was the most pronounced in control rats. Differences in firing between the three trials are quantified in Figure 5c and d, which compares the difference between higher and lower conflict trial-types (ie, gS-GO, sS-GO, and gS-sS) for each neuron. In the control group, the distribution comparing gS with GO (ie, gS-GO) was significantly shifted in the positive 
Firing Rate (spk/s) Figure 5 (a and b) Population histograms of all mPFC neurons that increased significantly above baseline in control (a) and PNE (b) groups. Activity is aligned to port exit. Blue lines refer to all GO trials. Red lines represent STOP trials preceded by GO trials ('gS'). Orange lines indicate trials where a STOP trial is preceded by a STOP trial ('sS'). Direction preference was determined in each cell by calculating the direction that elicited the greatest firing rate during the epoch from port exit to well entry ('response epoch'). Therefore, as defined by our analysis, the preferred direction (thick lines) is always higher than the nonpreferred direction (thin lines) during the response epoch. The direction of STOP trials is always referred to as the ultimate response the animal made.
(c and d) Indices compare the difference in firing between the three trial-types presented in (a and b) for control (c) and PNE (d) groups. Leftmost distribution calculates the differences between gS and GO trials divided by the sum for each cell. The middle distribution marks the difference between sS and GO trials divided by the sum. Rightmost distribution computes the difference between gS and sS trials divided by the sum. Activity for all distributions taken during the 1 s epoch beginning at port exit to capture post decision activity and significant shifts from zero are determined via Wilcoxon (Po0.05). Distributions between groups are compared via Wilcoxon (Po0.05). (e and f) Percent of correct responses (e) and movement latencies (f) per session for sS and gS trials. Movement times are calculated as the latency from port exit to well entry. Asterisks indicate significant mean differences (Wilcoxon; Po0.05). mPFC, medial prefrontal cortex; PNE, prenatal nicotine exposure.
Impact of prenatal nicotine on mPFC DW Bryden et al direction ( Figure 5c left; Wilcoxon; Po0.01), whereas this distribution in the PNE group was not significantly shifted ( Figure 5d left; Wilcoxon; P = 0.87). When comparing activity on sS trials to GO trials, neither group exhibited a significantly shifted distribution (sS-GO; Figure 5c and d middle; Wilcoxon; ps40.32). Importantly, direct comparison of gS and sS trials revealed a statistically shifted distribution in the control group ( Figure 5c right; Wilcoxon; Po0.01), which differed from the equivalent distribution in the PNE group (Figure 5c right vs Figure 5d right; Wilcoxon; Po0.01). Thus, when conflict was high, firing was significantly stronger in the mPFC of control but not PNE rats. Importantly, this group difference is not simply a product of the identity of the previous trial because these differences were not observed between gG and sG trials (Supplementary Figure S4) , but instead reflects the added difficulty of inhibiting the initial GO response on STOP trials. These results demonstrate that the mPFC in control animals was able to differentiate STOP trials based on the conflict induced by the preceding trial type and this neural correlate of conflict monitoring was disrupted in animals prenatally exposed to nicotine. This could explain the marked behavioral deficits on gS trials relative to sS trials in the PNE group (Figure 5e ). Importantly, this conflict monitoring effect is not simply due to mPFC hypoactivation in PNE rats. In a group of sub-selected neurons matched for firing rate across groups, control neurons still capably differentiated between gS and sS trials (details in Supplementary Material).
DISCUSSION
In summary, we show that PNE makes rats impulsive, disrupts neural signals related to response encoding and conflict monitoring, and reduces overall firing in mPFC. Further, we demonstrated that correlations between neural firing and performance (accuracy and movement speed) were altered after PNE. An underactive prefrontal cortex (ie, 'hypofrontality') is commonly found in addiction, ADHD, and schizophrenia (Andreasen et al, 1992; Berman et al, 1992; Carter et al, 1998; Dickstein et al, 2006; Rubia et al, 1999; Volkow et al, 2004) , all of which are psychiatric disorders characterized by diminished executive function. Low firing rates might contribute to deficits in cognitive control; however, it is unlikely to be the sole source of dysfunction in our data set because the activity of rate-matched controls still reflected response conflict (see Supplementary Material). Other experimental work has reported that interference of mPFC impairs performance on response inhibition tasks as measured by stop trial accuracy and premature responding during reaction time tasks (Bari et al, 2011; Risterucci et al, 2003) . Taken together, this work points to mPFC as a critical player during response inhibition and suggests that reduced prefrontal activation/function in disorders such as ADHD drive behavioral impairments (Euston et al, 2012) . Consistent with this hypothesis, patients diagnosed with ADHD have been successfully treated with the noradrenaline and dopamine (eg, methylphenidate and atomoxetine) reuptake inhibitors (Aron et al, 2003; Bari et al, 2009; Bedard et al, 2003; DeVito et al, 2009; Robinson et al, 2008; Tannock et al, 1989 ) that have been shown to impact prefrontal cortex in both humans and rats. For instance, in humans, atomoxetine administration increases inferior frontal activity in human participants (Chamberlain et al, 2009 ) and methylphenidate reverses ADHD-associated hypofrontality (Vaidya et al, 1998) . In rats, atomoxetine administration increases the immediate early gene c-Fos in mPFC (Bymaster et al, 2002) . This all points to decreased prefrontal firing as a root of these and other psychiatric disorders that impair executive function. Consistent with this hypothesis, we show that firing in mPFC is reduced in PNE rats. We further demonstrate reduced selectivity related to response encoding and conflict monitoring, and an absence of correlations between firing and behavior output. Our results provide a mechanism by which these drugs might ameliorate behavior deficits. Specifically, these drugs are likely to improve function by repairing signals related to response generation and detection of heightened conflict.
Maternal smoking is a risk factor for many psychiatric disorders (Blood-Siegfried and Rende, 2010; Button et al, 2007; Ernst et al, 2001; Fried and Watkinson, 2001; Jacobsen et al, 2007; Milberger et al, 1996 Milberger et al, , 1998 Pauly and Slotkin, 2008; Schmitz et al, 2006; Thapar et al, 2003; Tong and McMichael, 1992) and is still a common practice according to Substance Abuse & Mental Health Services which reported in 2012 that one in five women smoke during pregnancy. In addition to being an important issue in its own right, prenatal nicotine exposure has gained considerable traction as a suitable model for impulsive behavior as seen in ADHD. Exposing pregnant rodents to nicotine via drinking water produces offspring that bear striking resemblance to human ADHD both symptomatically and in treatment efficacy (Pauly et al, 2004; Peters and Tang, 1982; Peters et al, 1979; Schneider et al, 2010) . This exposure has also been shown to have a genetic component in that pups of prenatally exposed pups also show behavioral impairments (Zhu et al, 2014) . Previous studies have shown that prenatal nicotine exposure via drinking water at the same dose used in our study (0.06 mg/ml) produces increased anticipatory responses on the five-choice serial reaction time task in rats (Schneider et al, 2011) . Similar results have been obtained in mice, where prenatal nicotine exposure via drinking water reduces cingulate cortex volume, reduces prefrontal dopamine turnover, and induces hyperactivity, which was diminished by oral methylphenidate treatment (Zhu et al, 2012) . Thus, there is a substantial and meaningful overlap between human ADHD research and the rodent prenatal nicotine model.
It is highly unlikely that our results can be explained by impairments outside the realm of disrupted brain areas involved in executive control. As mentioned above, others have used the same method of nicotine administration, and shown impairment in the five-choice serial reaction time task (Schneider et al, 2010) . Importantly, in that study, rats also performed a battery of sensorimotor tasks to assess different developmental milestones. PNE rats did exhibit lower birth weights and delayed sensorimotor development, but differences were not apparent prior to testing in the five-choice task that occurred around 3 months of age. There were no significant differences in weight between PNE and control rats on the first day of our study (postnatal day 49). In addition, PNE rats were actually faster over all trial-types and performed similarly on GO trials compared with controls.
Thus, it is unlikely that developmental problems beyond those related to executive control can account for the behavioral differences described here.
We conclude that PNE reduces activity in mPFC, an area known to be critical for executive control including response inhibition. Reduced activity in mPFC after PNE is correlated with poor impulse control and is likely to be directly related to elevated levels of drug seeking observed in ADHD and in rats that have chronically self-administered cocaine. Like prenatal nicotine, prolonged cocaine self-administration leads to mPFC hypoactivation and increased drug seeking, both of which are rescued through optogenetic stimulation of prelimbic prefrontal cortex (Chen et al, 2013) . Together these results suggest that reduced firing in mPFC after exposure to prenatal nicotine might not only impair normal everyday executive control functions but increase one's predisposition to addiction (Dalley et al, 2011; Jentsch and Taylor, 1999) . Based on these findings and the existence of a positive correlation between activity and behavioral performance, this work implies that global increases in mPFC firing may improve performance in animals during tasks that assess executive control and response inhibition.
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